T he differentiation pathway from stem cell to mature B lymphocyte can be divided into several stages, characterized by differentiation processes, proliferation phases, and control steps. Precursor B cells differentiate into immature B lymphocytes after successfully expressing a surface Ig receptor (IgM). These immature B cells emerge from the bone marrow to the periphery and migrate into the spleen for their final maturation step. This migration proceeds through the terminal branches of central arterioles to blood sinusoids of the marginal zone (1, 2). Before arriving at the spleen, immature B cells are excluded from nonsplenic secondary lymphoid organs, which are specialized tissues for collecting Ags (3), and from sites of infection and inflammation. In these secondary lymphoid organs, in which differentiation to a mature phenotype does not occur, Ag encounter could lead to effective clonal elimination because of a negative selection process.
T he differentiation pathway from stem cell to mature B lymphocyte can be divided into several stages, characterized by differentiation processes, proliferation phases, and control steps. Precursor B cells differentiate into immature B lymphocytes after successfully expressing a surface Ig receptor (IgM). These immature B cells emerge from the bone marrow to the periphery and migrate into the spleen for their final maturation step. This migration proceeds through the terminal branches of central arterioles to blood sinusoids of the marginal zone (1, 2) . Before arriving at the spleen, immature B cells are excluded from nonsplenic secondary lymphoid organs, which are specialized tissues for collecting Ags (3) , and from sites of infection and inflammation. In these secondary lymphoid organs, in which differentiation to a mature phenotype does not occur, Ag encounter could lead to effective clonal elimination because of a negative selection process.
Previously we demonstrated that immature B cells can downregulate their own integrin-mediated adhesion to the extracellular matrix and thereby suppress their migration into nonsplenic sites (4) . This inhibition is mediated by IFN-␥, which is transcribed and secreted at low levels by immature B cells. The inhibitory signal of IFN-␥ is transmitted through the IFN-␥ receptor, whose engagement leads to inhibition of cytoskeleton rearrangement, which is required for promoting integrin-mediated adhesion and migration of B cells (5, 6) .
The NK-activating receptor, Ly49D, is a type II transmembrane glycoprotein of the C-type lectin superfamily that recognizes MHC class I proteins. Ly49D does not contain the cytoplasmic immune receptor tyrosine-based inhibitory motifs (ITIMs) 3 that are phosphorylated upon stimulation, confirming that it is not an inhibitory receptor (7) (8) (9) . This receptor was recently shown to be a potent inducer of IFN-␥ expression. Furthermore, stimulation with mAb Ly49D on NK cells induces IFN-␥ gene transcription and higher levels of IFN-␥ protein following receptor ligation (10) , although the function of this induction was not analyzed. The expression of Ly49 family proteins was described mostly on NK cells; however, a member of this family, Ly49A/D, was recently found on the peritoneal B1 subpopulation of B cells (11) . In this study we investigated whether Ly49D may be expressed on immature B cells and may control B cell homing. Our results show that immature B cells express Ly49D, which controls their IFN-␥ secretion and consequently their actin polymerization and migration.
Materials and Methods

Mice
(200 mCi; Amersham Pharmacia Biotech) was added, and the cells were pulsed for 2.5 h. Cells were lysed, and Ly49D was immunoprecipitated and separated on 10% SDS-PAGE.
Cytoskeleton rearrangement
B splenocytes were stimulated in the presence or the absence of antiLy49D as described above. Cytoskeleton rearrangement was evaluated using FITC-phalloidin as previously described (5) .
MHC blocking
B splenocytes (2 ϫ 10 7 ) were incubated in 1 ml of hybridoma supernatant containing 10% FCS. The hybridomas used were 20-8-4S (anti-H-2 K b ), 28-14-8S (anti-H-2 D b ), and Afg-120.1.2 (anti-I-A b ). The tubes were incubated for 2.5 h on ice and then placed at 37°C for 2 h more.
ELISA
Ii
Ϫ/Ϫ immature B220 ϩ cells were incubated in the presence or the absence of anti-Ly49D as described above. After 1 h of stimulation cell supernatants were collected, and IFN-␥ levels were determined by ELISA (BD PharMingen) according to the manufacturer's specification.
Tracking of cells in vivo
Ii
Ϫ/Ϫ B cells were stimulated in the presence or the absence of anti-Ly49D or control Ab (anti-CD8). One hour later the cells were labeled with 5 M carboxyfluorescein diacetate succinimidyl ester (Molecular Probes, Eugene, OR) for 15 min at room temperature. The cells were then injected into control mice, and spleen and lymph nodes (LN) were analyzed 3 h later by FACS.
Results
Immature B cells express active Ly49D receptor on their surface
Previously we showed that immature B cells secrete low levels of IFN-␥ that down-regulates the B cells' own integrin-mediated adhesion to the extracellular matrix and thereby suppress their migration and homing into Ag-enriched sites. The Ly49D receptor has been shown to regulate IFN-␥ secretion by NK cells. We therefore determined whether this receptor is expressed on immature B cells, and whether it may also regulate IFN-␥ secretion in this cell type. To this end we first analyzed the mRNA expression of Ly49D in immature (B220 populations. IgD Ϫ immature B cells were purified from either control (C57BL/6) or invariant chain-deficient (Ii Ϫ/Ϫ ) mice, whose B cells are arrested at an immature stage (17) (18) (19) (20) . Mature IgD ϩ cells were purified from control (C57BL/6) mice. As shown in Fig. 1A , Ly49D message, which appeared in the immature B population from both control (Ii ϩ/ϩ ) and Ii Ϫ/Ϫ cells, was dramatically decreased in the mature cells. It is known that activated NK cells express on their cell surface low levels of the B cell marker B220. To directly show that Ly49D is expressed on B cells, and that the expression we detected did not result from contamination of NK cells, B cells from either control (C57BL/6) or Ii Ϫ/Ϫ mice were separated using anti-IgM and -IgD (Fig. 1B) or anti-CD19 (Fig.  1C ) Abs. Separation with anti-IgM or anti-CD19 results in enrichment of the entire peripheral B population, and in the control mice it constitutes a mixture of mostly mature cells, with ϳ10% immature B cells. However, since maturation of B cells in the Ii Ϫ/Ϫ mice is arrested, anti-CD19 or anti-IgM-purified Ii Ϫ/Ϫ B cells are mainly of the immature population. As shown in Fig. 1C , high levels of Ly49D mRNA were detected in Ii Ϫ/Ϫ CD19 ϩ immature B cells, while these levels were dramatically reduced in the control CD19 ϩ population that is enriched with mature cells (Fig. 1C) . To determine whether Ly49D protein levels are similarly regulated in mature vs immature B cells, C57BL/6 mature (IgD ϩ ) B cells and Ii Ϫ/Ϫ immature B cells were labeled with [ 35 S]methionine for 2 h, and Ly49D was immunoprecipitated from the cell lysates. As shown in Fig. 1G , a band of ϳ100 kDa, which is the apparent size of Ly49D (22), was immunoprecipitated with antiLy49D Abs from the immature cell lysate, while it was almost absent in the mature population. Moreover, this band had a similar mobility as Ly49D derived from NK cells (Fig. 1H, lane 1) . Our studies show that while mature IgD ϩ cells express very low to almost undetectable levels of Ly49D (Fig. 1G ), the total control (Ii ϩ/ϩ ) population that contains both immature and mature B cells expresses lower, but detectable, levels of this protein (Fig. 1H,  lane 3) .
To directly show the expression of Ly49D on the surface of immature B cells, B cells derived from control or Ii Ϫ/Ϫ mice were analyzed by FACS. As shown in Fig. 2 
, B cells derived from Ii
Ϫ/Ϫ mice (B220 ϩ or IgM ϩ cells) expressed higher levels of Ly49D compared with the control population (Fig. 2 , B and C). The expression of Ly49D in the B1 CD5 ϩ population was almost identical (Fig. 2D) showed broad diffuse staining. We suggest that B cells express lower levels of Ly49D receptor on their surface, probably due to its different role in these cells.
Immature B cells emerge from the bone marrow to the periphery and migrate into the spleen for their final maturation step. To determine whether Ly49D is expressed at earlier stages of B cell differentiation in the bone marrow, we have analyzed its transcription and expression in bone marrow B cells. As shown in Fig. 3A , pre-pro-and pro-B cells do not transcribe the message for Ly49D. Transcription ( Fig. 3B ) and expression ( Fig. 3C ) of Ly49D were observed at low levels in bone marrow-derived immature B cells. Following their exit from the bone marrow, immature B cells upregulate their Ly49D expression (Fig. 3, B and C) .
To determine whether the Ly49D expressed on immature B cells is active, Ii Ϫ/Ϫ B cells were stimulated with anti Ly49D (4E5) Abs. As shown in Fig. 4A , stimulation resulted in the phosphorylation of several proteins. Furthermore, stimulation of 70Z/3 cells with antiLy49D resulted in the phosphorylation of several proteins, indicating that the receptor on this cell line is active as well (data no shown). To determine the specificity of the cascade, stimulation of immature B cells with anti-Ly49D was compared with stimulation with anti-IgM or anti-CD4 Abs. As shown in Fig. 4B , Ly49D stimulation activated the phosphorylation of specific proteins.
Ly49D is an activating receptor and lacks the ITIM. It therefore requires association of a signaling molecule containing this motif to transmit an activating signal (7, 23) . Activation of Ly49D on NK cells by anti-Ly49D results in tyrosine phosphorylation of proteins with an estimated mass of 32 kDa, a homodimer of pp16 (22) . To determine whether Ly49D on immature B cells interacts with and stimulates such a complex, Ly49D was immunoprecipitated from stimulated control (Ii ϩ/ϩ ; mostly mature) and Ii Ϫ/Ϫ (mostly immature) B cells, the cells were lysed, and the immunoprecipitated proteins were separated under nonreducing conditions and analyzed by anti-phosphotyrosine Abs. As shown in Fig. 4C , a band of ϳ32 kDa was coimmunoprecipitated from the immature B cell population following stimulation, while it was barely detectable in the stimulated mature control population. Moreover, stimulation with anti-Ly49D elevated the immunoprecipitation of the phosphorylated 32-kDa band (Fig. 4D) . These results suggest that immature B cells express a functional Ly49D receptor, which is able to phosphorylate a 32-kDa complex, presumably of pp16; however, we cannot verify the identity of this molecule, since an Ab for this pp16 is not commercially available.
Activation of Ly49D on immature B cells leads to an elevation of IFN-␥ transcription and translation
Low levels of IFN-␥ secreted by immature B cells were previously shown to down-regulate the homing of these cells to Ag-enriched sites (4). To determine whether Ly49D activation leads to elevation of IFN-␥ transcription in immature B cells, we followed IFN-␥ message in B cells derived from control (Ii ϩ/ϩ ) or Ii
mice. B220 ϩ cells were incubated with the anti-Ly49D stimulatory Ab (4E5), and IFN-␥ mRNA was compared in unstimulated and stimulated cells by RT-PCR. As shown in Fig. 5A , stimulation of Ly49D Ii Ϫ/Ϫ immature B cells led to a substantial increase in the levels of IFN-␥ message compared with the unstimulated cells. Moreover, while IFN-␥ message was hardly detected in control unstimulated cells (4) (Fig. 5A) , stimulation of Ly49D resulted in elevation of IFN-␥ mRNA, probably due to activation of the small immature population (ϳ10% of the cells). To directly show that mature B cells respond poorly to Ly49D stimulation, control mature IgD ϩ cells were purified and were compared with IgM ϩ immature B cells derived from Ii Ϫ/Ϫ mice. As shown in Fig. 5B , mature B cells transcribed almost undetectable levels of IFN-␥ message after Ly49D ligation, while this stimulation dramatically elevated the level of Ii Ϫ/Ϫ immature B cells IFN-␥ mRNA. In addition, 493 ϩ (Fig. 5C ) and IgD Ϫ (Fig. 5D) immature B cells were shown to increase their IFN-␥ mRNA following Ly49D stimulation, while IFN-␥ levels were not elevated following stimulation of mature IgD ϩ B cells (Fig. 5D ). To determine whether Ly49D stimulation results in increased translation of IFN-␥, control B220 ϩ cells (which contain mostly the mature population with ϳ10% of immature cells), control (Ii ϩ/ϩ ) mature IgD ϩ B cells, and B220
ϩ B cells from invariant chain-deficient mice (immature B cells) were analyzed following Ly49D stimulation. As shown in Fig. 5E , stimulated mature cells did not express IFN-␥ protein, while this protein was detected in the total control population, which contains a small population of immature cells. Stimulation ) mice (E), which were stimulated for 1 h with anti-Ly49D mAb. Protein was detected by Western blot, showing the band representing IFN-␥ detected by anti-IFN-␥ Ab, followed by anti-rat Ab (E, lanes 1-3) . As a control, the membrane was probed with anti-rat alone (lanes 4 -6) . F, Steady state protein levels of IFN-␥ and tubulin in total cell lysates of immature IgD Ϫ from control mice that were incubated in the presence or the absence of Ly-49D stimulation. Protein was detected by Western blot, showing the bands representing IFN-␥ and tubulin. G, B cells IFN-␥ levels detected in stimulated and nonstimulated immature B cell-conditioned medium by ELISA.
of Ii Ϫ/Ϫ immature B cells resulted in the expression of high levels of IFN-␥ protein (Fig. 5, E and F) and its secretion (Fig. 5G) . Thus, stimulation of Ly49D, which is expressed on immature B cells, results in elevation of IFN-␥ transcription and translation.
We have previously shown that low levels of IFN-␥ secreted by immature B cells inhibit adhesion and migration of immature and mature B cells, while at higher levels of this cytokine, this inhibition is removed (4, 6) . To determine whether elevation of IFN-␥ expression induced by Ly49D stimulation regulates the motility of the cells, and thus their migration, we followed the degree of actin polymerization in control (Ii ϩ/ϩ ) or Ii Ϫ/Ϫ Ly49D-stimulated or unstimulated B cells. As shown in Fig. 6A , Ly49D stimulation of the control B population that constitutes a mixture of mostly mature cells, with ϳ10% immature cells, inhibited stromal cell-derived factor 1 (SDF-1)-induced cytoskeletal rearrangement. However, stimulation of Ii Ϫ/Ϫ immature B cells with anti-Ly49D caused a substantial increase in polymerized actin in response to SDF-1 stimulation. This loss of inhibition could be explained by the dramatic accumulation of IFN-␥ to suprainhibitory levels. We have further analyzed the rearrangement response of 493 ϩ immature B cells derived from control mice. While these immature B cells responded to stimulation with Ly49D Ab-increased cytoskeletal rearrangement, this process was unchanged in the purified mature IgD ϩ cells, whose IFN-␥ levels were almost undetectable (Fig. 6B) . We further studied the effect of Ly49D stimulation on the entry into LN in vivo. Ii Ϫ/Ϫ total splenocytes were stimulated in the presence or the absence of anti-Ly49D and nonspecific (anti-CD8) Abs. The cells were then washed and labeled with the fluorescent dye, and an equal number of live cells were injected i.v. into control mice. The proportion of labeled cells recovered in the spleen and LN was determined 3 h after injection. The extent of labeled cell accumulation in the spleen was unaffected by the various pretreatments (data not shown). In contrast, migration of Ly49D-stimulated Ii Ϫ/Ϫ cells to the LN was significantly increased, whereas cells incubated with nonspecific Ab exhibited a degree of migration similar to that of untreated cells (Fig. 6C) . Thus, Ly49D stimulation elevates IFN-␥ transcription and translation and accumulation of IFN-␥ to suprainhibitory levels. This accumulation results in a loss of cytoskeleton rearrangement inhibition that allows homing of immature B cells to the LN.
To directly show that the inhibited cytoskeleton rearrangement induced by Ly49D stimulation is caused by IFN-␥, IFN-␥-deficient B cells were purified, stimulated with anti-Ly49D, and Ly49D mRNA was analyzed. As shown in Fig. 7A , as in the control B cell populations, IgD Ϫ immature B cells transcribe the Ly49D message, and its expression was down-regulated at the mature (IgD ϩ ) stage. In addition, cytoskeleton rearrangement was analyzed in these IFN-␥ Ϫ/Ϫ mice. As shown in Fig. 7B , while stimulation of control B220 ϩ cells resulted in reduced cytoskeletal rearrangement, Ly49D activation of B cells deficient in IFN-␥ expression did not have any effect on their actin polymerization. Thus, stimulation of Ly49D-regulated polymerization of actin in a process mediated by IFN-␥.
Blocking of MHC I leads to inhibition of Ly49D activity and down-regulation of IFN-␥ expression
We have shown in vitro that cultured immature B cells secrete low levels of IFN-␥, which are up-regulated following stimulation of Ly49D. It is not known, however, whether this low level of IFN-␥ secretion requires a basal level of Ly49D stimulation, or whether Ly49D is only required to further up-regulate IFN-␥ expression. Finally, to directly show that MHC class I recognition is essential for down-regulation of immature B cell migration and homing, we analyzed the B cell population in the LN of mice lacking H2-K 
Discussion
The mouse lectin-related Ly49 receptors are type II transmembrane proteins of the C-type lectin superfamily, which mediate the ability of NK cells to bind classical MHC class I proteins and regulate the NK cell activities (24, 25) . The NK Ly49 receptors are able to distinguish individual MHC class I alleles and positively or negatively regulate their function. In the case of inhibitory Ly49 receptors, each subunit contains an ITIM motif. Upon receptor engagement, the ITIM becomes phosphorylated, which, in turn, recruits Src homology 2 domain-containing tyrosine phosphatase (24) . In contrast, the Ly 49 members that lack the ITIMs deliver activation signals and phosphorylate homodimers with a monomer mass of 16 kDa (pp16) (22) .
Ly49D was first described as an activator of NK cell cytotoxicity, proliferation, and cytokine production and was shown to be expressed mostly on murine NK cells. Cross-linking of the Ly49D receptor was found to induce transcription of IFN-␥, lymphotactin, and macrophage inflammatory protein 1␣ and 1␤ (10) . Thus, it was suggested that a primary role for the activating receptor in vivo might be to trigger soluble factor production and regulation of the immune response.
In this study we have shown that in addition to its expression on NK cells, T cell subsets, and B1 cells in C57BL/6 mice (11), Ly49D is specifically expressed on immature B cells. Ly49D was found to be transcribed, translated, and expressed on the surface of B cells. Ly49D expression is enriched in the peripheral immature population, and its transcription and translation are down-regulated following maturation of cells in the spleen. Furthermore, the Ly49D receptor on immature B cells was able to tyrosine phosphorylate specific proteins following its stimulation. Specifically, a phosphorylated protein of ϳ32 kDa, which might correlate with a homodimer of pp16, was coimmunoprecipitated with Ly49D following its activation. Thus, an active Ly49D receptor is expressed on the cell surface of immature B cells.
We have previously shown that low levels of IFN-␥ down-regulate adhesion and migration of immature and mature B cells (4) . Cross-linking of the Ly49D receptor induces transcription and translation of IFN-␥ at low levels, which results in inhibition of cytoskeletal rearrangement of the control B cell population. However, activation of Ly49D on purified immature B cells results in elevation of IFN-␥ transcription and translation and recovery of cytoskeleton rearrangement. This lack of inhibition might result from the fact that stimulation of purified immature population could lead to accumulation of high levels of IFN-␥, which are above the inhibitory doses, or alternatively, the anti-Ly49D Ab might stimulate the cells more strongly than the H-2D ligand. or H-2 k mice (26) . Immature B cells in our studies were not incubated in the presence of any additional cells; therefore, Ly49D expressed on these cells could recognize only the H2-D b allele and not any other MHC class I alleles. However, Ly49A is the bestcharacterized member of the Ly49 family that has been shown to recognize the class I molecules H-2Dd, Dk, and Dp. Recent studies suggest that Ly49A may also interact weakly with H-2b molecules, but that affinity may be too low to observe inhibition of target cell lysis in vitro, but sufficient to induce effects on Ly49A receptor expression in vivo (27) (28) (29) . We believe that Ly49D might have the same interaction with H-2 b , and this interaction should be further studied. However, we show that anti-H-2 b block IFN-␥ transcription. It might be suggested that this Ab directly interacts with the MHC class I molecule, a process that causes signaling which results in inhibition of IFN-␥ transcription. Since mice lacking H-2D b show an increase in their immature B cell population in the LN, we could argue that the lack of H-2D and not activation of its downstream pathway results in the down-regulation in IFN-␥ transcription.
We therefore suggest that Ly49D is stimulated by H2-D b , a process that results in activation of a signaling pathway leading to IFN-␥ secretion. This IFN-␥ activation cascade might be separately regulated and involve unique proteins different from the signaling pathway resulting in activation of killing.
The entrance of B cells to the LN is a process that requires interaction between L-selectin and ligands on the high endothelial venules. Subsequently, a chemokine-mediated triggering event (using chemokines such as SDF-1, secondary lymphoid tissue chemokine, or EBV-induced molecule 1 ligand chemokine) causes integrin activation and adhesion (30, 31) . LFA-1, ␣ 4 ␤ 7 , and ␣ 4 ␤ 1 contribute to this integrin adhesion requirement (31, 32) . Despite our detailed understanding of the steps involved in lymphocyte entry to LN, relatively little is known about how the cells enter the spleen and the white pulp of this compartment. The newly arrived immature B cells enter the spleen through the central arteriole and develop into T1 cells, which are located at the outer periarteriolar lymphoid sheath, outside of the follicle. These cells then further develop to T2 cells, which are situated within primary follicles, adjacent to mature cells (33) . The role of integrins in homing of immature B cells to the spleen has not been fully elucidated. The entry of B cells to the spleen was regarded until recently as a process for which integrin activation was not required (34 -36) . Nevertheless, recent results show that integrin activation also has a role in the entry of mature B cells into the splenic white pulp. However, although integrin inhibition causes a decrease in B cell entry to the white pulp, it has no influence on the total B cell number in the spleen (37) . In addition, while inhibition of a single integrin (LFA-1 or ␣ 4 ␤ 7 ) results in a dramatic inhibition of homing of T and B cells to the LN, it has only a minor effect on their entrance to the splenic white pulp. Only dual integrin inhibition can inhibit B cell entrance to the white pulp (37) . These studies suggest that homing of immature B cells to the spleen is different from their homing to the LN and sites of inflammation. Thus, engagement of Ly49D leading to IFN-␥ secretion and integrindependent homing inhibition interferes with the arrival of these cells to the LN, while their homing to the spleen is not affected.
Taken together, we demonstrate that immature B cells circulate in the periphery before their final arrival to the spleen for their maturation. Ly49D expressed on these immature cells recognizes MHC class I on various peripheral tissues, resulting in constant low level secretion of IFN-␥. This constant recognition and IFN-␥ secretion prevent immature B cells arrival to Ag-enriched sites and target them to their maturation compartment in the spleen. After maturation, B cells down-regulate their Ly49D expression, and this down-regulation terminates the IFN-␥ secretion.
